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ABSTRACT
Behavioral sensitization is defined, as an increase in

behavioral responding that occurs after repeated
administration of a psychostimulant. Behavioral

sensitization is an important component of the addiction

process that is mediated by different brain regions. In
this thesis, lidocaine (an anesthetic that temporarily
inactivates neurons) was used to determine those brain

areas mediating one-trial behavioral sensitization in
preweanling rats. It was hypothesized that:
(a) preweanling rats given bilateral microinjections of

lidocaine into the ventral tegmental area prior to cocaine

pretreatment would not express behavioral sensitization;

and (b) preweanling rats given lidocaine infusions into
the nucleus accumbens prior to cocaine pretreatment would

express both context-dependent and context-independent
behavioral sensitization. To test these hypotheses,

bilateral caimulae were implanted into the ventral
tegmental area (Experiment 1) or nucleus accumbens

(Experiment 2) on postnatal day (PD) 17. On PD 19,
lidocaine (10 0 jug per side) or vehicle was administered
bilaterally into either the ventral tegmental area or
nucleus accumbens. The Acute-Control and Cocaine-Home

groups were given a saline injection immediately before

being placed in the activity chamber, whereas the

Cocaine-Test groups were injected with 30 mg/kg cocaine.
Behavioral testing lasted 30 minutes, after which rats

were returned to their home cage. Rats received bilateral
infusions of lidocaine or vehicle for a second time. The

Acute-Control and Cocaine-Test groups were then given an
injection of saline in the home cage, whereas the

Cocaine-Home groups were injected with cocaine. On PD 20,
all rats were injected with cocaine and placed in the
activity chamber for 2 hours and locomotor activity was

assessed. Results showed that rats receiving lidocaine
infusions into the ventral tegmental area or nucleus

accumbens expressed both context-dependent and
context-independent behavioral sensitization. These

results suggest that neither the ventral tegmental area
nor the nucleus accumbens mediate the induction of

one-trial behavioral sensitization in preweanling rats.

Our results involving the ventral tegmental area are
contrary to those found using adult rats and may indicate

that:

(a) the VTA does not mediate the induction of

behavioral sensitization during early ontogeny,

(b) the

VTA is necessary for amphetamine-, but not cocaine-induced
behavioral sensitization, or (c) there were methodological

problems that prevented the lidocaine from fully

inactivating the VTA during cocaine exposure.
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CHAPTER ONE
INTRODUCTION TO BEHAVIORAL SENSITIZATION

Illicit drug use in our society is a continuing

problem, with 80% of the U.S. population over the age of
12 having reported using an illicit drug in the past month
(SAMSHA, 2008) . Percentage rates increase and decrease

across years, but usage has never been eliminated.
Numerous users become addicted to drugs because these

compounds induce powerful effects on brain chemistry and
physical states. The term "addiction" has been debated for
many years, but most definitions include the concepts of

psychological dependence and physiological dependence
(Akers, 1991). Psychological dependence refers to the

positive reinforcement that occurs with drug use, and the

intense mental cravings that users experience.
Physiological dependence refers to the negative
reinforcement that is associated with avoiding the

unpleasant and sometimes painful withdrawal symptoms when
a drug is discontinued. Although most drugs of abuse

induce psychological dependence, not all of these drugs
induce physiological dependence (Akers, 1991; Robinson &

Berridge, 2001). Between 90-99% of previous drug abusers
relapse after six months of abstinence (Liang & Ren,
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2001). Because the substances are out of a person's
system, physiological dependence cannot be responsible for

relapse; instead neurobiological, social, and.
psychological factors probably play a large role (Yan,
Liu, Zeng, Cui, Lee, & Wang, 2001).

There are many psychological (e.g., feelings of
elation) and physiological (e.g., increased heart rate)

effects that can become associated with using an illicit
drug. Interestingly, the entire drug-taking ritual and the
environmental context itself can become associated with

the drug via Pavlovian mechanisms (Robbins & Ehrmen,
1992). When an addict is exposed to drug paraphernalia or

environmental cues, they often experience intense cravings
for the drug (Price, Saladin, Baker, Tolliver, DeSantis,

McRae-Clark, & Brady, 2010). Cravings are defined, as the

intense wanting of a drug and are an important component

of relapse (Back, Brady, Sonne, & Verduin, 2006; Brady,
Back, Waldrop, McRae, Anton, & Upadhyaya, 2006; Cooney,

Litt, Morse, Bauer, & Gaupp, 1997; Drummond & Glautier,

1994; Killen & Fortmann, 1997). For example, when a
recovering addict returns to a previously drug-paired

environment, they have an increased probability of relapse
due to the psychological cravings that are experienced
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(Robinson & Berridge, 1993, 2001; Taylor, Olausson, Quinn,
& Torregrossa, 2009).

Illicit drugs not only affect the brain temporarily,
creating what users call a "high", but they also cause

long-lasting neurobiological changes in brain areas
responsible for reward. After these neuroadaptive changes
have taken place, the brain is left hypersensitive, or

sensitized, to the substance (Robinson & Berridge, 2001).
Specifically, sensitization is a progressive increase in

behavioral responsiveness due to the repeated
administration of certain classes of drugs (e.g.,

psychostimulants or opiates)

(Badiani, Browman, &

Robinson, 1995; Beninger & Herz, 1986; Hinson & Poulos,
1981; McDougall, Reichel, Cyr, Karper, Nazarian, &

Crawford, 2005). These sensitized brain systems are not
responsible for the "liking" of a drug, but for "wanting"

(i.e., craving the drug's rewarding effects)

(Berridge &

Valenstein, 1991; Berridge, Venier, & Robinson, 1989;

Robinson & Berridge, 1993). Behavioral sensitization is

not only due to neuroadaptive changes in brain, but it is
also influenced by the environmental context associated

with the drug (Stewart, 1992). When these drug-induced

neuroadaptive changes are taking place, the environmental
stimuli associated with the drug become part of this
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rewiring event. For example, animals show more robust
behavioral sensitization if they are tested in a
distinctive drug-paired environment rather than a familiar

environment not associated with the drug (Beninger & Herz,
1986; Post, Weiss, Fontana, & Pert, 1992).

The behavioral sensitization paradigm includes a
"conditioning" or pretreatment phase in which amphetamine,
cocaine, or a similar drug is administered. The
pretreatment phase can occur across multiple days, which

is known as a multi-trial procedure (Drew & Glick, 1987),

or it can take place on a single day, called a one-trial

procedure (Battisti, Uretsky, & Wallace, 2000; McDougall,
Charntikov, Cortez, Amodeo, Martinez, & Crawford, 2009a).

Testing will occur after only a few days of drug
abstinence (i.e., short-term sensitization) or after weeks

or months (i.e., long-term sensitization)

(Castro, Abreu,

Calzadilla, & Rodriguez, 1985; Magendzo &. Bustos, 2003) .

Animals that received the drug in the same previously
novel environment for both the pretreatment and test
phases are considered to be in the "paired" group, because

the drug has been paired with a specific environmental

context. The "unpaired" group experiences the drug in a
familiar environment, such as the home cage, and is then

tested in a novel environment. The Acute-Control group
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receives saline in both environments on the pretreatment
day and experiences the drug for the first time on the

test day. Typically, the paired animals show increased
responding to the drug (i.e., a sensitized response),

while the unpaired animals show a less robust behavioral

response (Beninger & Herz, 1986; Post et al., 1992). For
the paired animals, the contextual cues in the environment
have become associated with the drug, and are responsible
for the more potent sensitized response (Stewart, 1992) .
Behavioral sensitization is not a single event

mediated by a particular brain region, instead it is a

complex process that depends on multiple brain systems.

The induction and expression of behavioral sensitization
can be studied separately because they are mediated by

different brain areas (Pierce & Kalivas, 1997) . Induction
refers to the transient neural changes that provide the
basis for the enduring changes which mediate the

expression of sensitization (Cornish & Kalivas, 2001;
Kalivas & Stewart, 1991; Robinson, Jurson, Bennett, &
Bentgen, 1988; Wolf, White, & Hu, 1994). Expression refers

to the potentiated locomotor activity, caused by lasting
neural changes, that can be detected indefinitely after

the last drug treatment (Kalivas, Sorg, & Hooks, 1993b).
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Interestingly, the expression of behavioral
sensitization changes across ontogeny. In a multi-trial

procedure, preweanling rats exhibit a sensitized response
that is less robust or persistent than that shown by

adults (McDougall, Collins, Karper, Watson, & Crawford,

1999; Paulson, Camp, & Robinson, 1991; Paulson & Robinson,
1995). For example, preweanling rats given multiple

injections of a psychostimulant drug will typically

exhibit a sensitized response for little more than a week
(McDougall et al., 1999; Tirelli & Ferrara, 1997; Zavala,
Nazarian, Crawford, & McDougall, 2000) . In contrast, adult

rats will display behavioral sensitization for months
after the last drug treatment. The degree to which the

environmental context affects the expression of behavioral
sensitization is dependent upon the age of the animal.
Adult rats typically rely on environmental cues for the
expression of behavioral sensitization, but preweanling

rats show a sensitized respose even when they are tested
in a distincly different environment than the one that had

been paired with the drug (McDougall, Baella, Stuebner,

Halladay, & Crawford, 2 0 07) . These ontogenetic differences
are the focus of this thesis.
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Conclusion
Illicit drug use in our society is a continuing
problem that is far from being fully understood. One issue

for recovering addicts is the high rate of relapse, which
is sometimes triggered by environmental cues. Drug-induced

neural changes are long-lasting and may involve
associations formed between the environment and the drug.

In order to better understand the connection between
environmental cues and drug craving, researchers study the

phenomenon of behavioral sensitization. Many brain areas
mediate the induction and expression of behavioral

sensitization, and the roles of these various brain areas
and neurotransmitter systems are not yet fully understood.

Adult and preweanling rats express sensitization in
different ways, and studying these age-dependent

differences has the potential of providing important
information about both behavioral sensitization and
neuroadaptations occurring across ontogeny.
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CHAPTER TWO
MULTI-TRIAL BEHAVIORAL SENSITIZATION
IN ADULT RATS

Behavioral sensitization is defined as the
progressive increase in behavioral responding that occurs
after repeated administration of a drug (Badiani &

Stewart, 1993; Hinson & Poulos, 1981; Kalivas & Stewart,
1991; Robinson & Becker, 1986). Most commonly, animals are
injected with a single daily dose of a drug for days or

weeks (Kalivas & Stewart, 1991; Robinson & Becker, 1986).

The drugs most typically used to induce behavioral
sensitization are psychomotor stimulants, such as
amphetamine, cocaine and methylphenidate (Borowsky & Kuhn,

1991; Kolta, Shreve, & Uretsky, 1985; Robinson & Becker,
1986), or opiates, such as morphine or heroin (Babbini &

Davis, 1972; Bartoleni, Gaiardi, Gubellini, Bacchi, &

Babbini, 1983; Vasko & Domino, 1978). There are many
factors that affect multi-trial behavioral sensitization
including the drug used, the length of time between the
last drug pairing and testing, and the environmental

context.
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Drug Specificity

In terms of psychostimulants, the behavioral
sensitization induced by amphetamine and cocaine is often
viewed as being qualitatively similar, although some

interesting drug-specific differences have been reported.
Both drugs have strong reinforcing properties that are
mediated by the mesocorticolimbic dopamine reward system

(Everitt & Wolf, 2002; Lett, 1989; Wise, 1984). The brains

of animals that have undergone behavioral sensitization
show significant dendritic reorganization and this is

observed when either amphetamine or cocaine is
administered (Robinson & Kolb, 1999). Because amphetamine
and cocaine affect the same brain structures and

neurotransmitter systems (Kalivas, 1995; Kuczenski, 1983;

Pierce & Kalivas, 1997; Wise, 1981), they often cause

similar behavioral effects. The behaviors observed in

amphetamine- and cocaine-induced behavioral sensitization
include increased locomotor activity, rearing, head
movements, and stereotypy (George, Porrino, Ritz, &

Goldberg, 1991; Ho, Taylor, Estevez, Englert, & McKenna,
1977; Post, 1977; Robinson & Becker, 1986). Both

amphetamine and cocaine produce a more robust response if
animals are tested in a novel environment rather than a
familiar environment (Badiani et al., 1995). Because
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amphetamine and cocaine activate the same neural pathways

cross-sensitization can be obtained (Bonate, Swann, &
Silverman, 1997), probably because both amphetamine and
cocaine increase DA release in the nucleus accumbens

(Akimoto, Hamamura, Kazahaya, Akiyama, & Otsuki, 1990;
Kazahaya, Akimoto, & Saburo, 1989).
Even though amphetamine and cocaine share many of the

same properties, there is some suggestive evidence

indicating that behavioral sensitization can differ

depending on the psychostimulant used. It has been found
that dopamine antagonists differentially affect

amphetamine and cocaine sensitization. For example,
haloperidol pretreatment effectively attenuates cocaine

sensitization (Mattingly, Rowlett, Ellison, & Rase, 1996),

whereas amphetamine sensitization is not blocked by a D2
receptor antagonist (Meng, Feldpaush, & Merchant, 1998).

This finding has lead to the suggestion that the induction
of amphetamine- and cocaine-induced behavioral
sensitization may rely on different neural mechanisms.
Nonetheless, because the behavioral attributes of

sensitization are similar for both drugs (i.e., increased

locomotor activity and stereotypy), it appears that these
mechanisms ultimately lead to similar neuroadaptations

(White, Joshi, Koeltzow, & Hu, 1998).
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Drug Actions

While amphetamine and cocaine produce similar

behavioral effects, these drugs differentially affect
monoamine neurotransmitter systems (George et al., 1991) .
More specifically,'while amphetamine and cocaine increase

extracellular dopamine in the nucleus accumbens (Di Chiara
A

& Imperato, 1988; Kalivas & Duffy, 1990, 1993; Kuczenski &
Segal, 1989; Parsons & Justice, 1993; Robinson et al.,

1988), only cocaine, but not amphetamine, alters dopamine
function in the prefrontal cortex (Pierce & Kalivas,
1997). Amphetamine affects monoamine neurotransmitters by

blocking reuptake and increasing release. Cocaine also
blocks the reuptake of monoamines, but does not increase

release in the same manor as amphetamine (Ritz, Kuhar, &
Sharkey, 1988). In terms of specificity, both amphetamine
and cocaine have a high affinity for dopamine and
norepinephrine reuptake transporters. In contrast, cocaine

has a greater affinity for the serotonin transporter than

does amphetamine (Howell & Kimmel, 2008) . This feature is
potentially important because the serotonin system has
been implicated in behavioral sensitization (King, Xiong,

& Ellinwood, 1997; Przegalinski, Filip, Papla, & Czepiel,

2002; Szumlinski, Frys, & Kalivas, 2004).
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Persistence of the Sensitized Response
Behavioral sensitization eventually disappears after
a prolonged period of drug abstinence. There are many

factors that affect persistence of sensitization,

including the number of drug pretreatments, drug dose, and

age of the animal. When one of these variables * is altered,

the persistence of the response is altered as well. One
factor that does not significantly affect persistence is

the type of drug used. Behavioral sensitization to

amphetamine and cocaine can be detected for several months
following repeated exposure (Leith & Kuczenski, 1982;
Robinson, Becker, & Presty, 1982). The persistence of the

sensitized response is related to the amount of
drug-context pairings an animal receives. The more
pairings, or trials received, the stronger the response

and the longer it takes to extinguish (Michel, Tambour, &
Tirelli, 2003) .

Environmental Factors

The context a drug is administered in during the

pretreatment stage plays a crucial role in the expression
of behavioral sensitization. Although behavioral
sensitization has been observed in both

context-independent and context-dependent situations
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(Badiani, Camp, & Robinson, 1997; Battisti, Chang, Uretsky
& Wallace, 1999a; Battisti et al., 2000; Browman, Badiani,
& Robinson, 1998a, 1998b; McDougall et al., 2009b;
Partridge & Schenk, 1999), many studies have reported that

the expression of behavioral sensitization is more robust
if pretreatment and testing occur in the same previously

novel environment (Anagnostaras & Robinson, 1996; Badiani
et al., 1995, 1997; Carey & Gui, 1997; Drew & Glick, 1987;

Stewart, 1992).
Non-Associative Influences
It appears that non-associative neural changes

brought about by exposure to a psychostimulant drug are a

requirement of behavioral sensitization. Specifically,
cocaine- or amphetamine-induced neural adaptations are

necessary for the ultimate expression of behavioral

sensitization. In some cases, these non-associative neural
adaptations are sufficient for behavioral sensitization,
especially when a high-dose of psychostimulant is

administered (Browman et al., 1998a, 1998b). Evidence

supporting the idea that environmental conditioning is not
always necessary for sensitization has been provided by
studies showing that anesthetized rats given a

psychostimulant drug (i.e., they are not receiving

information about environmental context) will show
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behavioral sensitization (Wang & Hsiao, 2003). Also,

direct administration of amphetamine and cocaine into the

ventral tegmental area will induce behavioral
sensitization even though there is minimal contextual

influence (Kalivas & Weber, 1988).
Associative Influences
Although non-associative factors are necessary for

behavioral sensitization, there are situations in which
sensitized responding is completely under contextual

control (Battisti et al., 2000; Tirelli, & Terry 1998).
More frequently, both context-independent and

context-specific behavioral sensitization are evident,

however, context-specific sensitization is more robust.
Thus, it appears that non-associative neural adaptations
are necessary for behavioral sensitization, but

associative influences modify the induction and expression

of the sensitized response (Anagnostaras & Robinson, 1996;
Anagnostaras, Schallert, & Robinson, 2002; Wang & Hsiao,

2003). Although there is disagreement, Pavlovian processes
are probably responsible for the associations that form

between environmental context and the psychostimulant drug
(Anagnostaras et al., 2002; Hinson & Poulos, 1981; Tilson

& Rech, 1973; but see Tirelli & Terry 1998) .
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According to a model proposed by Anagnostaras et al.
(2002), both excitatory and inhibitory Pavlovian
conditioning influences behavioral sensitization. In terms

of excitatory conditioning, the drug acts as the
unconditioned stimulus (US), and the environmental context

is the conditioned stimulus (CS). After multiple pairings

of the drug and context an association between the two

stimuli is formed. Once the association is formed, the CS
can induce drug-related behaviors (i.e., produce a

conditioned response, CR) without the presence of the US.

Thus, with repeated pairings an increasing CR
progressively adds to the unchanging UR created by the

psychostimulant. Theoretically, the association between
the context and the drug becomes so strong that the

context'alone can elicit behaviors normally induced by the
drug (i.e., a sensitized response)

(Anagnostaras &

Robinson, 1996; Stewart, 1992).
For many years-, excitatory conditioning was thought

to be a sufficient explanation of context-specific
sensitization (Hinson & Poulos, 1981; Tilson & Rech,
1973). There were various reports that rats displayed a

sensitized response even if they were challenged with
amphetamine in a novel environment (Anagnostaras &

Robinson, 1996; Partridge & Schenk, 1999; Vezina &
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Stewart, 1990). Thus, behavioral sensitization was evident
in the absence of excitatory conditioning. Other studies

examining the influence of excitatory conditioning have

found that the sensitized effect and the conditioned
response, which should last the same amount of time,

degrade at different rates. Specifically, the conditioned

response persists longer than the sensitized effect
(Tirelli, Michel, & Brabant, 2005; Tirelli, Tambor, &
Michel, 2003). Thus, while excitatory conditioning clearly

strengthens the sensitized response, it is not sufficient
to fully account for context-specific behavioral
sensitization.
Inhibitory conditioning appears to be much more

important for behavioral sensitization than excitatory

conditioning. According to Anagnostaras et al.

(2002), the

environment acts as an occasion setter (a specialized type

of CS) that inhibits sensitized responding in environments
that have not been paired with the drug (Anagnostaras et
al., 2002; see also Holland, 1992; Rescorla, 1986). In
other words, administering a psychostimulant in a

particular environment will inhibit the expression of a
sensitized response in a different environment. Thus,

context is not a traditional CS but, instead, acts as an
occasion setter modulating the expression of sensitization
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in other environments. Occasion setters do not induce a
conditioned response when presented alone nor do they
extinguish (Anagnostaras & Robinson, .1996) . Therefore, it

appears that behavioral sensitization is due to
non-associative neural changes that are modulated by

inhibitory and excitatory associative mechanisms
(Anagnostaras et al., 2002).

In summary, when a psychostimulant is administered,
the neural adaptations underlying behavioral sensitization

take place regardless of where the drug is administered.

Although relatively unimportant, excitatory conditioning

strengthens the drug response. Inhibitory conditioning is
a more critical process because it weakens the expression

of behavioral sensitization in environments not previously

paired with the drug.
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CHAPTER THREE
ONE-TRIAL BEHAVIORAL SENSITIZATION IN ADULT RATS
Behavioral sensitization can be observed after a

single drug pretreatment, which is known as one-trial
sensitization (Battisti et al., 2000; Jackson & Nutt,

1993; McDougall et al., 2007; Weiss, Post, Pert, Woodward,
& Murman, 1989). Many of the same factors important for
multi-trial sensitization in adult rats also affect

one-trial sensitization, including environmental context
and the length of time between drug pretreatment and

testing.
It is uncertain whether amphetamine- and

cocaine-induced one-trial behavioral sensitization share

the same properties, but both drugs are capable of
producing an enhanced behavioral response after a single
drug pretreatment (Jackson & Nutt, 1993; Robinson et al.,

1982; Weiss et al., 1989). Interestingly,
amphetamine-induced one-trial behavioral sensitization is

often measured by assessing stereotypy, while

cocaine-induced one-trial behavioral sensitization is
typically expressed as an increase in locomotor activity
(Battisti et al., 1999a, 2000; Fontana, Post, Weiss, &

Pert, 1993; McDougall et al., 2007; Weiss et al., 1989).
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It is unclear whether the focus on amphetamine-induced

stereotypy and cocaine-induced locomotor activity reflects
the preference of different research groups or indicates a

more fundamental difference in the actions of the drugs.

In this regard, it is important to note that these two
classes of behavior are mediated by different dopamine
pathways (Karler, Bedingfield, Thai, & Calder, 1997;

Kelly, 1977; Robinson & Kolb, 1999; Vezina, Kalivas, &

Stewart, 1987); thus, cocaine-induced locomotor
sensitization and amphetamine-induced stereotypy

sensitization may be mediated by different circuits within
the basal ganglia.

Environmental context is a critical factor

influencing one-trial behavioral sensitization in adult
rats. Using a one-trial procedure, adult rats and mice

express robust context-dependant behavioral sensitization,

but they do not exhibit context-independent behavioral
sensitization (Battisti et al., 1999a, 1999b, 2000;
McDougall et al., 2007, 2009b; Post, Weiss & Pert, 1987;

Weiss et al., 1989) . Therefore, adult rats are capable of
context-independent behavioral sensitization when tested
using a multi-trial procedure, but not when a one-trial

procedure is employed. The model of behavioral
sensitization proposed by Anagnostaras et al.
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(2002) may

be able to explain this pattern of results. According to

Anagnostaras et al.

(2002), when an animal is exposed to a

drug-paired environment multiple times, non-associative

neural changes continue to build with each drug
administration. Eventually, these drug-induced neural

adaptations are sufficient to mediate behavioral
sensitization regardless of the impact of environmental
conditioning (Anagnostaras et al., 2002). In contrast,

providing an adult animal with•only a single

psychostimulant administration does not allow for the same
degree of neural changes to take place, thus one-trial

context-independent behavioral sensitization is not
evident. However, if drug pretreatment and testing occur

in the same previously novel environment then
context-dependant sensitization will be expressed because
associative factors modify (i.e., strengthen) the

non-associative neural adaptations underlying behavioral
sensitization. In other words, environmental conditioning

factors appear to gain in relative importance when only a
single drug-environment pairing is provided (Battisti et

al., 1999a; White et al., 1998).
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Conclusion
There are many factors that affect one-trial

behavioral sensitization. It is clear that one-trial
behavioral sensitization is highly dependent on contextual
cues, probably because a single administration of a

psychostimulant produces fewer neural changes than if a
multi-trial procedure is used. As a consequence,

associative processes are more important for one-trial

behavioral sensitization than multi-trial behavioral
sensitization. Whether amphetamine- and cocaine-induced

one-trial behavioral sensitization is mediated by
different neural circuits is unknown.
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CHAPTER FOUR
MULTI-TRIAL BEHAVIORAL SENSITIZATION

IN THE PREWEANLING RAT

Behavioral sensitization has been observed in
preweanling rats, but its expression is different than for

adults (for a review, see Tirelli et al., 2003).

Behavioral sensitization is less robust in preweanling

rats then adults, and the sensitized response persists for
a shorter time (McDougall et al., 1999; McDougall, Duke,
Bolanos, & Crawford, 1994; Zavala et al., 2000). There are

several factors which contribute to these age-dependent
differences, including the number of pretreatment trials

provided, contextual cues, and maturity of specific brain

mechanisms. The number of pretreatment trials has a great

impact on the sensitized behavior of preweanling rats.
When using a multi-trial procedure, preweanling pups

behave in a manner similar to adult rats. In general, the
number of drug pretreatments is related to the strength of

behavioral sensitization, with the more drug exposures

providing the greater sensitized response (McDougall et
al., 2007, 2009a; Zavala et al., 2000).
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Persistence of the Sensitized Response

In preweanling rats, the persistence of the
sensitized response is dependent on the number of

pretreatment trials as well as the context in which the
drug is administered. Increasing the number of drug

pairings increases the persistence of behavioral
sensitization (Zavala et al., 2000). For example,

administering a psychostimulant across seven pretreatment
days, instead of the commonly used four to five days,

allows behavioral sensitization to persist for up to three

weeks after the last pretreatment exposure (Snyder,

Katovic, & Spear, 1998). Still, the persistence and
strength of the sensitized response does not compare to
that of adult animals, which can show robust behavioral

sensitization for months after one or more drug

pretreatments (Castro et al., 1985; Robinson et al., 1982;
Shuster, Yu, & Bates, 1977).
Environmental Factors

When using a multi-trial procedure, environmental

context is an important factor affecting the expression of
behavioral sensitization in preweanling rats. Consistent
with adult research, preweanling rats given multiple

administrations of cocaine express context-dependant
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behavioral sensitization when tested after several days
(Wood, Tirelli, Snyder, Heyser, LaRocca, & Spear, 1998).

When the sensitized responding of preweanling rats is
assessed after a long drug abstinence period, it appears
that environmental conditioning is necessary for the
expression of behavioral sensitization (Zavala et al.,

2000) .

Conclusion
The multi-trial behavioral sensitization exhibited by
preweanling and adult rats differs in a quantitative

manner, with age-dependent differences in the strength and
persistence of behavioral sensitization being evident. The

reason for these age-dependant differences in behavioral

sensitization is unknown; however, the maturation of

underlying brain structures may be responsible for the
ontogeny of behavioral sensitization.
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CHAPTER FIVE

ONE-TRIAL BEHAVIORAL SENSITIZATION

IN THE PREWEANLING RAT

When given only a single pretreatment injection of
cocaine, preweanling rats show robust behavioral

sensitization. Unlike adult rats, young rats express both

context-dependent and context-independent one-trial
behavioral sensitization (Herbert Der-Ghazarian, Palmer, &.

McDougall, 2010; McDougall et al., 2007, 2009a, 2009b).
Interestingly, it has been observed that sensitized
responding is equally robust if testing takes place in a

novel or a familiar environment, therefore contextual cues
do not appear to increase the strength of one-trial

behavioral sensitization in preweanling rats (Herbert et
al., 2010; McDougall et al., 2009a).

Environmental Factors

As just mentioned, adult rats are only capable of
expressing context-dependent sensitization when tested
using a one-trial procedure, whereas preweanling rats show

context-independent behavioral sensitization (McDougall et
al., 2007) . There are two possible explanations for why

preweanling rats exhibit context-independent one-trial
behavioral sensitization. The first is that
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non-associative neural changes, which take place after the

administration of a psychostimulant, are sufficient to
induce behavioral sensitization in preweanling rats

(McDougall et al., 2007, 2009b). Adult rats would not show
behavioral sensitization in a similar circumstance (i.e.,
after one conditioning trial), because non-associative

neural changes would be insufficient to overcome

inhibitory conditioning. In the case of preweanling rats,
it is possible that these inhibitory associations do not

form, perhaps because the required brain mechanisms are

not functionally mature. If this explanation is accurate,
preweanling rats exhibit one-trial context-independent

behavioral sensitization because of a learning deficit
(i.e., an inability to form inhibitory associations)
(Herbert et al., 2010; McDougall et al., 2007, 2009b).

Another explanation for the ability of preweanling

rats to express context-independent one-trial behavioral
sensitization stems from the fact that young rats have

difficulty differentiating between multiple stimuli even
if the stimuli activate separate sense modalities (Chotro

& Alonso, 1999; Haroutunian & Campbell, 1979). In other

words, when two distinctly different stimuli or

environments are paired with the same US, preweanling rats
treat the different stimuli as if they were the same CS
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(Kraemer, Kraemer, Smoller, & Spear, 1989; Lariviere,

Chen, & Spear, 1990; Molina, Hoffmann, Serwatka, & Spear,

1991; Spear, Kraemer, Molina, & Smoller, 1988). This
perceptual/learning process is called "unitization". In

terms of behavioral sensitization, preweanling rats might

not form inhibitory associations because all environments
would, in essence, be paired with the psychostimulant.

Thus, according to the unitization theory, rats should
express behavioral sensitization on the test day
regardless of the environment (i.e., the home cage, a

separate novel chamber, or the auditory chamber) in which

the drug was paired (McDougall et al., 2009b).

Another possible reason why preweanling rats show
one-trial context-independent behavioral sensitization is

that an association is formed between the drug (US) and

internal or injection cues (CS). In other words, it is not

the environmental context that becomes associated with the
drug, but it is the injection ritual or internal cues. To
determine whether internal cues or the injection procedure

(being handled by an experimenter and then pricked with

the injection needle) were acting as CS's, Herbert et al.
(2010) anesthetized rats on PD 19 and then gave them an

injection of cocaine. One group was allowed to regain
consciousness and experience the effects of the drug,
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while another group was kept sedated for an additional 30
minutes. It was found that both anesthesia groups
expressed behavioral sensitization, therefore it was

concluded that preweanling rats do not associate the
injection ritual or internal cues with the drug. When

these studies are considered together (Herbert et al.,
2010; McDougall et al., 2007, 2009a, 2009b), it appears

that the non-associative processes underlying behavioral
sensitization are mature, but either associative learning
does not impact the one-trial behavioral sensitization of

preweanling rats or associations are formed between all

environments and the drug (i.e., unitization).

Conclusion
When tested using a one-trial procedure, preweanling

rats, unlike adults, express robust one-trial behavioral
sensitization. There are two possible explanations for

this behavior. First, non-associative neural changes are
sufficient to induce behavioral sensitization in the
preweanling rat, while associative factors do not modulate
the occurrence of behavioral sensitization. Second,

non-associative and associative factors are operating in
behavioral sensitization, however the associations formed

in adult rats are different than those formed in pups
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(i.e., preweanling rats use unitization). In the latter
case, the inhibitory associations formed, in preweanling

rats do not inhibit sensitized responding.
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CHAPTER SIX

NEURAL MECHANISMS OF BEHAVIORAL SENSITIZATION
Brain Areas

Several brain regions appear to mediate behavioral

sensitization. The system most commonly associated with
behavioral sensitization is the mesencephalic dopamine

pathway, which is responsible for producing most of the

dopamine in the central nervous system. The mesencephalic
dopamine system can be divided into three subsystems that
include the nigrostriatal system, which originates in the
zona compacta of the substantia nigra and extends to the

caudate-putamen. Medial to this pathway is the mesolimbic,

or mesoaccumbens, system that originates in the ventral
tegmental area (VTA) and extends to the nucleus accumbens.

Also, there is the mesocortical system, which originates

in the VTA and extends to the prefrontal, cingulate and
perirhinal cortex. Together, the latter two systems are
known as the mesocorticolimbic system (Chinta & Anderson,

2005). These dopaminergic systems are associated with

behaviors such as motivation, reward, learning and
reinforcement and are, therefore, components of the motive

circuit (Alcaro, Huber, & Panksepp, 2007; Chinta &

Anderson, 2 0 05) .
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While dopaminergic neurons account for less than 1%

of neurons in the brain, they play a very important role
for motivation, memory, and reward (Chinta & Anderson,

2005). Dopamine is the prominent neurotransmitter in the

mesolimbic system, but other neurotransmitters such as
GABA, serotonin, enkephalin, substance P and glutamate,

have direct or indirect actions on dopamine neurons
(Kalivas & Stewart, 1991) f Brain areas associated with

this pathway have important roles in behavioral
sensitization; if one region became dysfunctional it is
possible that sensitized responding would not take place.

Ventral Tegmental Area
Repeated administration of cocaine into the VTA
causes the induction of behavioral sensitization (Cornish

& Kalivas, 2001). In contrast, behavioral sensitization is

not evident if a psychostimulant is repeatedly
administered into the nucleus accumbens, striatum, or
prefrontal cortex (Hooks, Jones, Liema, & Justice, 1992;

Kalivas & Weber, 1988; Vezina & Stewart, 1990). The VTA is

an important brain area in behavioral sensitization

because it contains a large percentage of the brains'

dopamine neurons (Dahlstrom & Fuxe, 1964; Kalivas &
Stewart, 1991). Even so, dopamine neurons do not mediate
the induction of behavioral sensitization in isolation,
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because dopamine release is partially controlled by
excitatory amino acid projections from the prefrontal
cortex (Kalivas, 1995; Kalivas et al., 1993b).

The excitatory amino acid glutamate has an important

role in the induction and expression of behavioral

sensitization (Wolf, 1998). There are several types of
glutamate receptors, including N-methyl-D-aspartate
(NMDA), amino-3-hydroxy-5-methyl-4-isoxazole (AMPA), and

metabotropic receptors. When MK-801, a noncompetitive
antagonist of the NMDA receptor, is injected into mice and

rats, sensitization to cocaine does not develop (Karler,
Calder, Chaudhry, & Turkanis, 1989; Wolf & Jeziorski,
1993). Thus, blocking NMDA receptors in the VTA prevents

the induction of cocaine- and amphetamine-induced
behavioral sensitization. Blocking NMDA receptors also

prevents modifications of the mesoaccumbens pathway as
well as dopamine release in the nucleus accumbens (Kalivas
& Alesdatter, 1993; Wolf et al., 1994).
GABA, which is an inhibitory regulator of dopamine
cells, also plays a role in behavioral sensitization.

GABAergic neurons, which project from the striatum,
nucleus accumbens and pallidum, innervate dopamine neurons
of the VTA (Gale, Hong, & Guidoiti, 1977; Gysling & Wang,
1983; Haber, Groenwegen, Grove, & Nauta, 1985; Jesse,
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Emson, Paxinos, & Coello, 1978; Kalivas & Duffy, 1990).

Dopaminergic cells of sensitized rats do not change their

response to GABA (Henry, Greene, & White, 1989; White &
Wang, 1984), but there is evidence that administering the
GABAb

agonist baclofen into the VTA prevents the induction

of cocaine sensitization, as well as decreasing dopamine

concentrations in the nucleus accumbens (Kalivas, Duffy,

DuMars, & Skinner, 1988; Kokkinidis & Anisman, 1980;
Tanner, 1979). This evidence suggests that baclofen may

function in the same manner as a Di antagonist to prevent
behavioral sensitization (Kalivas & Stewart, 1991).

Serotonin neurons, like dopamine neurons, are
sensitized after chronic cocaine treatment (Parsons &

Justice, 1993). With the administration of cocaine, the
reuptake of serotonin is blocked and extracellular
serotonin levels increase. This increase in serotonin may

be involved in the expression of behavioral sensitization

(Kalivas, Sorg, & Hooks, 1993b). Specifically, the VTA is
innervated by serotonergic neurons projecting from the

median and dorsal raphe (Azmitia & Segal, 1978; Conrad,

Leohard, & Pfaff, 1974). When these serotonin neurons are
stimulated, dopamine release in the nucleus accumbens is
enhanced and neural mechanisms become sensitized (Guan &

McBride, 1989). Additional evidence that serotonin may
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modulate behavioral sensitization is provided by studies

showing that rats pretreated with cocaine exhibit
potentiated behavioral responding when given serotonin
agonists (Darmani, Martin, & Glennon, 1992).

Substance P, neurokinin A, and neurokinin B also

affect behavioral sensitization through direct and

indirect synaptic connections with dopamine neurons of the

VTA (Halliday & Tork, 1988; Tamiya, Hanada, Kawai,
Inagaki, & Takagi, 1990). By repeatedly injecting

substance P into the VTA, dopamine transmission is
activated and behavioral sensitization develops (Cador,

Rivet, Kelley, Le Moal, & Stinus, 1989; Deutch, Maggio,
Bannon, Kalivas, Tam, Goldstein, & Roth, 1985; Eison,
Eison, & Iversen, 1982). Similarly, repeatedly

administering neurotensin into the VTA both increases

accumbal dopamine release and causes behavioral
sensitization (Elliot & Nemeroff, 1986; Kalivas & Duffy,

1990; Kalivas & Taylor, 1985).
Nucleus Accumbens

The nucleus accumbens is one of the primary brain
areas mediating the rewarding effects of psychostimulants

(Koob, 1992). As previously mentioned, the nucleus
accumbens receives dopaminergic projections from the VTA,
so any changes in VTA activity directly affects the
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nucleus accumbens. After repeated administration of

amphetamine or cocaine into the VTA, there is an increase
in dendritic branching and spines on neurons of the

nucleus accumbens (Robinson & Kolb, 1999) and
extracellular dopamine levels increase in the nucleus

accumbens, striatum, and prefrontal cortex (Di Chiara &
Imperato, 1988; Kalivas & Duffy, 1990, 1993; Kuczenski &

Segal, 1990; Parsons & Justice, 1993; Robinson et al.,
1988). This increase in extracellular dopamine is

associated with an enhancement in locomotor activity
(Kalivas & Duffy, 1990; Kazahaya et al., 1989). Moreover,

rats given daily injections of cocaine show an increase in
extracellular dopamine in the nucleus accumbens that, in
turn, causes a progressive increase in locomotor activity

(Pettit, Pan, Parsons, & Justice, 1998).

The nucleus accumbens is intimately involved in the
expression of behavioral sensitization (Wolf, 1998). After

repeated cocaine treatment, Dx receptors of the nucleus
accumbens exhibit an enhanced sensitivity to cocaine,
which causes a potentiated increase in dopamine levels

(Henry & White, 1991). These changes in dopamine levels
are dependent on the amount of time after the last drug
treatment. In the first week of abstinence from
amphetamine or cocaine, there is no noticeable increase or
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decrease in dopamine levels in the nucleus accumbens
(Hooks, Jones, & Justice, 1993; Hurd, Weiss, Koob, &

Ungerstedt, 1989; Kalivas & Duffy, 1993; Pierce & Kalivas,
.
1996)

After abstinence periods of 14 days and greater,

the expression of behavioral sensitization is linked to a
progressive increase in psychostimulant-induced dopamine

release in the nucleus accumbens (Heidbreder, Thompson, &
Shippenberg, 1996; Kalivas & Duffy, 1990; Paulson &
Robinson, 1995; Pierce & Kalivas, 1997; Wolf et al., 1994;

Wolf, White, Nassar, Brooderson, & Khansa, 1993) .
Interestingly, changes in the physical structure of
dendritic branches in the nucleus accumbens and prefrontal

cortex are observed for one month after cessation of
amphetamine or cocaine treatment (Robinson & Kolb, 1999).

While stimulation of Di receptors in the nucleus
accumbens is necessary for the expression of

sensitization, stimulation of Dx receptors is not
sufficient to induce behavioral sensitization. Therefore,
other brain areas and neurotransmitters must be involved

in the expression of behavioral sensitization (Pierce &
Kalivas, 1997). The excitatory amino acid glutamate is a
strong candidate. Acute administration of glutamate both
increases extracellular dopamine in the nucleus accumbens
and enhances behavioral activity (Grace & Bunney, 1979;
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Kalivas, Duffy, & Barrow, 1989) . By blocking non-NMDA

glutamate receptors in the nucleus accumbens the
expression of amphetamine-induced behavioral sensitization
is attenuated (Kalivas, 1995; Karler et al., 1989).
Another way to block the expression of methamphetamine

sensitization is by removing glutamatergic input to the

nucleus accumbens (Yoshikawa, Shibuya, Kaneno, & Toru,
1991). Consistent with these findings, sensitized animals

show an increase in extracellular glutamate in the core of
the nucleus accumbens when challenged with cocaine

(Pierce, Bell, Duffy, & Kalivas, 1996; Reid & Berger,
1997) .

Prefrontal Cortex

The prefrontal cortex is important for behavioral
sensitization due to its direct innervation of the VTA and

nucleus accumbens (Berendse, Galis, Graaf, & Groenewegen,
1992; Sesack, Deutch, Roth, & Bunney, 1989). These

excitatory amino acid projections are disinhibited by the
decrease of dopamine after repeated cocaine
administration. This disinhibition allows glutamatergic

projections to enhance the firing rate of dopamine neurons

in the VTA and nucleus accumbens, thereby increasing
extracellular dopamine in those areas (Karreman &
Moghaddam, 1996; Louilot, Le Moal, & Simon, 1989; Taber &
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Fibiger, 1995; Vezina, Blanc, Glowinski, & Tassin, 1994).

Lesions to the prefrontal cortex inhibit the expression of
cocaine-induced behavioral sensitization, but the same
effect is not observed when lesions are made to other
brain regions which have excitatory amino acid projections

to the mesoaccumbens system (Pierce, Hicks, Reeder,
Morgan, & Kalivas, 1997).

Ventral Pallidum

The ventral pallidum, along with other brain regions,
mediates motor activity and may be where the motivational
value of a stimulus is gauged (Hubner & Koob, 1990; Pierce

& Kalivas, 1997). Inhibitory GABA neurons project from the

nucleus accumbens to the ventral pallidum. This GABAergic

pathway is inhibited by increased dopamine levels in the
nucleus accumbens. Thus, accumbal dopamine can increase
locomotor activity by disinhibiting the ventral pallidum
(Kalivas, Churchill, & Klienick, 1993a; Kalivas et al.,

1993b). Evidence for this motoric influence is observed
when psychostimulant-induced locomotor activity is blocked
by microinjecting the

GABAa

agonist muscimol into the

ventral pallidum. These interactions between brain systems

are reciprocal, because lesioning the ventral pallidum
decreases cocaine self-administration (Hubner & Koob,

1990; Mogenson & Nielsen, 1983; Swerdlow & Koob, 1987).
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Specifically, GABAergic neurons projecting from the

nucleus accumbens and ventral pallidum to the VTA create
an inhibitory feedback loop (Henry et al., 1989), which is
an important component of the circuitry mediating
behavioral sensitization.

Models of Behavioral Sensitization
Behavioral sensitization should be not be viewed as a
single event that takes place in the brain leading to a

progressive increase in behavior, rather behavioral
sensitization should be thought of as a series of

necessary events that are interdependent of one another

(Wolf, White, & Hu, 1993, 1994). As evidence of this

interdependence, the induction of behavioral sensitization
takes place in the VTA while the expression of behavioral
sensitization takes place in the motive circuit,
specifically the nucleus accumbens. It is thought that

behavioral sensitization is transferred from the VTA to

the nucleus accumbens (Pierce & Kalivas, 1997; Wolf,

1998) .
According to Pierce and Kalivas (1997), induction is

the enduring neural changes that take place after the
administration of a psychostimulant, whereas expression

induces further neural changes that cause an increase in
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the behavioral response. They believe that the motive
circuit is involved in translating drug action and

relevant information from the environment into motor

responses. This translation takes place through
alterations in neurotransmitter levels throughout the

motive circuit. As examples, an increase in the firing
rate of glutamatergic neurons projecting from the

prefrontal cortex to the VTA and nucleus accumbens causes

an increase in accumbal dopamine release. A decrease in
the firing rate of inhibitory GABA neurons projecting to

the VTA also increases dopamine neurotransmission in the

VTA. So, both stimulating excitatory inputs and inhibiting
inhibitory inputs, increases the firing rate of dopamine
neurons in the VTA. These actions, in turn, increase

dopamine concentrations in the nucleus accumbens (Pierce &
Kalivas, 1997).

As previously mentioned, the neural connections
between the VTA and nucleus accumbens are probably

necessary for the transference of behavioral sensitization
between these two brain areas. That this transfer occurs
is best indicated by studies assessing behavioral

sensitization after varying1periods of drug abstinence.
Specifically, the VTA appears to be responsible for the

induction and expression of behavioral sensitization after
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short abstinence periods (short-term behavioral
sensitization), but alterations in the nucleus accumbens

appears to be necessary for the expression of behavioral

sensitization after longer periods of abstinence

(long-term behavioral sensitization)

(Wolf et al., 1993,

1994; Robinson & Kolb, 1999). If testing takes place
within one week of psychostimulant administration, there

is no change in dopamine transmission in the nucleus

accumbens or striatum (Henry et al., 1989; Hooks et al.,
1993; Hurd et al., 1989; Kalivas & Duffy, 1990) . After

abstinence periods of more than 14 days, there is an
increase in dopamine transmission in the nucleus accumbens

that is associated with the expression of behavioral
sensitization (Heidbreder et al., 1996; Hooks, Duffy,

Striplin, & Kalivas, 1994; Kalivas & Duffy, 1990; Kolta et
al., 1985). In summary, it appears that short-term
behavioral sensitization relies solely on the VTA, due to

the fact that a challenge injection with a psychostimulant
does not cause a potentiated increase in accumbal dopamine

levels. Long-term sensitization, on the other hand, relies
on the’ VTA to mediate the initial neural changes and the

nucleus accumbens to sustain these neural changes for the
expression of behavioral sensitization.
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Behavioral Sensitization Across Development
As previously discussed, the behavioral sensitization

of preweanling and adult rats differs in important ways.
For example, preweanling rats are incapable of showing
long-term behavioral sensitization and it requires

multiple drug-environment pairings before preweanling rats
will exhibit a sensitized response for a week or more

(Snyder et al., 1998; Zavala et al., 2000). One
possibility is that the mechanisms responsible for
short-term behavioral sensitization are already
functioning in an adult-like manner during the preweanling
period, but the mechanisms associated with long-term

behavioral sensitization are still immature in the
preweanling rat (McDougall et al., 1994; Tirelli, 2001).
Few studies have attempted to assess the importance

of different brain regions and different neurotransmitter
systems for the induction and expression of behavioral

sensitization during early ontogeny. In one of the few
studies to examine this issue, Duke, O'Neal, and McDougall
(1997) reported that the non-competitive NMDA antagonist

MK-801 blocked the development of cocaine-induced
behavioral sensitization in preweanling rats. Thus, the
glutamate receptor appears to play a similar role in
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behavioral sensitization across ontogeny (Duke et al.,
1997; see also Karler et al., 1989).

Conclusion
To develop a fuller understanding of behavioral

sensitization, it is important to understand the brain
mechanisms and neurotransmitters that underlie it. The

brain areas primarily associated with behavioral
sensitization are those responsible for motivation and

reward; The neural mechanisms mediating induction and
expression of behavioral sensitization differ depending on

the length of the drug abstinence period. Thus, behavioral
sensitization is an intertwined series of events involving

multiple brain areas and neurotransmitter systems. In
order to further decipher the specific roles of these

brain areas, the present study will examine the VTA and
nucleus accumbens of the preweanling rat. By using a short
abstinence period, the contribution of these brain areas

for the expression of short-term behavioral sensitization

will be determined.
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CHAPTER SEVEN

CONCLUSION AND HYPOTHESES
The expression of one-trial behavioral sensitization
in preweanling rats differs from the expression exhibited
by adult rats in two significant ways (Herbert et al.,

2010; McDougall et al., 2007, 2009a, 2009b). First,

one-trial procedures induce long-term behavioral
sensitization in adult rats that persist for several
months (Robinson et al., 1982). Using the same one-trial

procedures, preweanling rats only express a sensitized

response for a few days (McDougall et al., 2009a). Second,
adult rats only express context-dependent one-trial

behavioral sensitization, whereas preweanling rats express
both context-dependent and context-independent behavioral
sensitization (Herbert et al., 2010; McDougall et al.,

2009a). There are two possible reasons why preweanling
rats express context-independent behavioral sensitization

using the one-trial procedure. One reason is that
non-associative neural changes are sufficient to induce 1

one-trial behavioral sensitization in preweanling rats
(McDougall, Pothier, Der-Ghazarian, Herbert, Kozanian,
Castellanos, & Flores, 2011), and the other is that

associative learning processes differ dramatically in
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adult and preweanling rats (i.e., young rats unitize their

environment)

(Herbert et al., 2010; McDougall et al.,

2009a).

The induction and expression of behavioral
sensitization are separate processes that are typically
mediated by different brain areas. The VTA is the critical
brain structure mediating the induction of behavioral

sensitization (Cornish & Kalivas, 2001). For example,

behavioral sensitization is prevented if brain areas
sending excitatory input to the VTA are lesioned (Wolf,
Dahlin, Hu, Xue, & White, 1995). Also, infusing MK-801

directly into the VTA blocks the induction of behavioral
sensitization (Kalivas & Alesdatter, 1993).

Interestingly, brain areas mediating the expression

of behavioral sensitization differ depending on length of

the drug abstinence period. Upon initial psychostimulant
administration there are immediate, but short lived,

changes in the VTA. It appears that these transient

alterations in VTA functioning are responsible for
mediating both the induction and expression of short-term

behavioral sensitization (Heidbreder et al., 1996; Hooks
et al., 1993; Hurd et al., 1989; Pierce & Kalivas, 1997;

Wolf et al., 1993; Vanderschuren & Kalivas, 2000). The
long-term expression of behavioral sensitization relies on
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the nucleus accumbens. After about 14 abstinence days,
sensitized responding is associated with increased

dopamine neurotransmission in the nucleus accumbens
(Heidbreder et al., 1996; Kalivas & Duffy, 1990). Although

this issue has not been extensively studied during early
ontogeny, preweanling rats tested after three abstinence
days exhibited behavioral sensitization, but did not show

increased Fos-immunoreactivity in the nucleus accumbens

(McDougall et al., 2009b). The latter finding suggests

that the nucleus accumbens may not be important for the
expression of short-term behavioral sensitization in
preweanling rats.

The purpose of this thesis was to determine whether
the VTA and nucleus accumbens are responsible for

mediating the one-trial context-independent and

context-dependent behavioral sensitization of preweanling
rats. Because one-trial behavioral sensitization persists

for a few days at most (McDougall et al., 2009b), only

short-term behavioral sensitization was assessed. Rather

than using electrolytic or chemical lesions, which cause
permanent destruction of the candidate brain structure, we
microinjected lidocaine hydrochloride into the VTA and

nucleus accumbens. Lidocaine is a compound with anesthetic
ability that has been used to temporarily disable specific
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brain areas to determine their contribution for a variety
of learned and unlearned behaviors (Black, Green-Jordan,
Eichenbaum, & Kantak, 2004; Calandreau, Desmedt, Decorte,

& Jaffard, 2005; Chang, Chen, & Liang, 2008; Chang & Gold,

2003; Han, McMahan, Holland, & Gallagher, 1997; Kantak,
Black, Valencia, Green-Jordan, & Eichenbaum, 2002a, 2002b;

Sun & Rebec, 2003; Waraczynski, 2003; Waraczynski & Demco,
2006). For example, acquisition of a conditioned orienting

response can be blocked by microinjecting lidocaine into
the dorsolateral striatum (Han et al., 1997). Also,

microinjecting lidocaine into the hippocampus impairs the
acquisition of place tasks and conditioned freezing (Chang

et al., 2008; Chang & Gold, 2003). Therefore, by using

lidocaine to induce temporary "lesions", subsequent
testing can take place when the brain structures are fully
functional. For this reason, lidocaine is an excellent
method for examining the importance of specific brain

regions for the induction and/or expression of behavioral
sensitization. The one-trial procedure is also ideal for
assessing the effects of lidocaine on cocaine-induced

behavioral sensitization, because this sensitization

paradigm requires a maximum of two lidocaine treatments.
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Hypotheses
It was hypothesized that preweanling rats given

bilateral microinjections of lidocaine into the VTA prior

to cocaine pretreatment would not express behavioral
sensitization after a cocaine challenge. This prediction

was based on a series of studies showing that the VTA is
responsible for both the induction and expression of

short-term behavioral sensitization in adult rats

(Heidbreder et al., 1996; Hooks et al., 1993; Hurd et al.,

1989; Pierce & Kalivas, 1997; Wolf et al., 1993;
Vanderschuren & Kalivas, 2000). It was also hypothesized

that preweanling rats given microinjections of lidocaine
into the nucleus accumbens prior to cocaine pretreatment

would express both context-independent and
context-specific behavioral sensitization. This prediction

was based on adult rat studies showing that the nucleus
accumbens is unimportant for the induction or expression

of short-term behavioral sensitization (Hooks et al.,
1993; Hurd et al., 1989; Kalivas & Duffy, 1993; Pierce &

Kalivas, 1996). Importantly, lidocaine was administered on

the pretreatment day, so the present set of experiments

exclusively examined the importance of the VTA and nucleus

accumbens for the induction of one-trial behavioral
sensitization in preweanling rats. If a permanent lesion
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had been induced (i.e., via electrical current or
chemicals) it would not be possible to determine whether

the lesioning technique had affected induction or

expression.
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CHAPTER EIGHT
METHODS
Subjects

A total of 96 male and female preweanling rats of
Sprague-Dawley descent (Charles River, Hollister, CA, USA)
were used. Litters were culled to ten pups at 3 days of

age. Rats were housed on racks in large polycarbonate
maternity cages (56 x 34 x 22 cm) with wire lids and

Tek-Fresh® bedding (Harlan, Indianapolis, IN, USA).

Preweanling rats were kept with the dam and littermates,

except when undergoing behavioral testing or surgical
procedures. The colony room was maintained at 22-24°C and

kept under a 12:12 light/dark cycle, with behavioral

testing occurring during the light phase of the cycle.
Subjects were cared for according to the "Guide for the

Care and Use of Mammals in Neuroscience and Behavioral
Research"

(National Research Council, 2003) under a

research protocol approved by the Institutional Animal

Care and Use Committee of CSUSB.
Apparatus
Behavioral testing was done in commercially available

(Coulbourn Instruments, Allentown, PA, USA) activity
monitoring chambers (25.5 x 25.5 x 41 cm), which consist
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of acrylic walls, a plastic floor, and. an open top. Each
chamber includes an X-Y photobeam array, with 16

photocells and detectors, that are used to determine
distance traveled (locomotor activity). Photobeam
resolution is 0.76 cm, with the position of each rat being

determined every 100 ms.

Drugs
(-)-Cocaine hydrochloride was dissolved in saline and

injected intraperitoneally (ip) at a volume,of 5 ml/kg.

Lidocaine hydrochloride was bilaterally microinjected into

the ventral tegmental area and the nucleus accumbens at a
volume of 0.5 gl. Lidocaine was administered at a dose of
100 gg per side, because lower doses are incapable of

blocking cocaine-induced behavioral effects (Black et al.,

2004; Kantak et al., 2002a, 2002b). All drugs were
purchased from Sigma (St. Louis, MO, USA).

Surgical Procedure

On PD 17, rats underwent surgery to have guide

cannulae bilaterally placed in either the VTA (Experiment
1) or the nucleus accumbens (Experiment 2). Sherwood and
Timiras'

(1970) Stereotaxic Atlas of the Developing Rat

Brain was used to determine stereotaxic coordinates. Rats

were anesthesitized with isoflurane (2.5-5%) mixed with
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oxygen. Ibuprofen (2 mg/kg, ip) was administered and the

scalp was shaved and numbed with a topical lidocaine
solution (1%). The surgical field was cleansed with

ethanol (90%) and betadine. The scalp was opened and rats

were placed in a Cunningham Neonatal Rat Adapter
(Cunningham & McKay, 1993) attached to a Kopf stereotaxic

apparatus. Holes were drilled through the skull

bilaterally above the VTA (A/P -5.7, M/L +0.6, D/V -7) or
nucleus accumbens (A/P +1.5, M/L +1.5, D/V -5.5 mm from
the interaural line). Stainless steel guide cannulae

(26 ga.; Plastics One, Roanoke, VA, USA) were implanted
using cyanoacrylate gel followed by acrylic cement. The

tips of the guide cannulae terminated 1 mm above the
injection site. Stainless steel stylets (Plastics One)

were used to maintain patency. An antibacterial gel was
placed on the surgery site. Recovery took place in a
temperature-controlled environment away from the dam. Pups
were not returned to the home cage until fully responsive.

Behavioral testing occurred 48 hours after surgery.

Procedure

Experiment 1
On PD 19, rats (N = 48) received bilateral infusions
of lidocaine (100 pg per side) or vehicle into the VTA
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5 minutes before the start of behavioral testing. Drugs
were infused via infusion cannulae at a constant rate for
60 seconds using Hamilton microsyringes (10 pl), which

were attached to a dual infusion pump (World Precision

Instruments, Sarasota, FL, USA). Infusion cannulae were
left in place for 60 seconds after drug administration had
ceased.
Lidocaine- and vehicle-treated rats were further

subdivided into three groups (see Figure 1). The

Acute-Control and Cocaine-Home groups were given a saline
injection immediately before being placed in the activity

chamber, whereas the Cocaine-Activity groups were given an
injection of 30 mg/kg cocaine before placement in the
activity chamber. Behavioral testing lasted 30 minutes,
with distance traveled being measured. At the conclusion

of behavioral testing rats were returned to their home
cage. After 25 minutes, rats received bilateral infusions

of lidocaine (100 pg per side) or vehicle into the VTA for
a second time. After 5 minutes, the Acute-Control and

Cocaine-Activity groups were given an injection of saline

in the home cage, whereas the Cocaine-Home groups were

given an injection of cocaine.
Sensitization testing occurred 24 hours later (i.e.,

on PD 20). All rats were taken to the testing room where
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they were injected with 20 mg/kg cocaine and placed in the
activity chambers. Distance traveled scores were measured
for 2 hours.

In summary, each rat received two bilateral infusions

of vehicle or lidocaine on the pretreatment day. The’ first

infusion was given 5 minutes before rats were injected
with cocaine or saline and subsequently placed in the

activity chamber. The second infusion was given 5 minutes

before the home cage injection of cocaine or saline.
Lidocaine was infused twice because this compound only

inactivates a brain area for about 30 minutes (Han et al.,
1997). There was a total of six groups in the experiment:

Lidocaine/Acute-Control, Lidocaine/Cocaine-Home,
Lidocaine/Cocaine-Activity, Vehicle/Acute-Control,

Vehicle/Cocaine-Home, and Vehicle/Cocaine-Activity. As

stated above, the Cocaine-Home groups were injected with
saline before being placed in the activity chamber and

then injected with cocaine (30 mg/kg, ip) 30 minutes after
being returned to the home cage. The Cocaine-Activity

groups were injected with cocaine (30 mg/kg, ip) before

being placed in the activity chamber and then injected
with saline 30 minutes after being returned to the home

cage. The Acute-Control group received two saline

injections.
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Experiment 2
On PD 19, rats (n - 48) received bilateral infusions

of lidocaine (100 pg per side) or vehicle into the nucleus
accumbens 5 minutes before the start of behavioral

testing. Rats were divided into the same three subgroups
as described in Experiment 1. Procedures were identical to

those in Experiment 1, with the exception of the brain
region being microinjected.

Data Analysis
To control for litter effects, no more than one

subject from each litter was assigned to the same

condition (Zorrilla, 1997). Each treatment condition
contained an equal, or near equal, number of male and

female rats. Multifactor analyses of variance (ANOVAs)
were used for statistical analysis. For Experiments 1 and

2, data from the pretreatment day (i.e., PD 19) were

analyzed using 2x2x6 (Lesion x Drug x 5-min Time
Blocks) mixed ANOVAs. Data from the test day (i.e., PD 20)

were analyzed using 2 x 3 x 12 (Lesion x Group x 10-min
Time Blocks) mixed ANOVAs. When Mauchly's test of

sphericity indicated that the assumption of sphericity had
been violated, the Huynh-Feldt epsilon statistic was used

to adjust degrees of freedom. Corrected degrees of freedom
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were rounded to the nearest whole number. The dependent
variable was distance traveled. Tukey tests (p

< .05)

were used for making post hoc comparisons.

Histology

After behavioral testing, animals were overdosed with

an injection of sodium pentobarbital. The brains were
extracted and fixed in 4% paraformaldehyde and then
cryoprotected in a 20% sucrose solution. Brains were

sectioned coronally (70 pm) using a cryostat

(Zeiss/Mikrom, San Marcos, CA, USA). Brain sections were
mounted on slides and stained with Thionin. Subjects

having improper canula placements were excluded from the

statistical analysis and replaced by additional subjects.
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Experimental Procedures

Conditioning Day (PD 20)
Treatment groups
Acute-Control

Cocaine-Home

Cocaine-Activity

First Injection

Saline~> Activity Chamber

Saline+ Activity Chamber

Cocaine-^ Activity Chamber

Second Injection

Sal inc + Home Cage

Cocaine+ Home Cage

Saline-> Home Cage

<

_____________________________________________________________________________

Test Day (PD 21)
Treatment groups
Acute-Control

Injection

Cocaine->Activity Chamber

Cocaine-Home
Cocaine^ Activity Chamber

Cocaine-Activity
Cocaine-^ Activity Chamber

Figure 1. Conditioning Day (Top) and Test Day (Bottom) Injection Regimen for Rats in

the Acute-Control, Cocaine-Home, and Cocaine-Activity Groups. Prior to the First and

Second Injections, Rats Received Intra-VTA Infusions of Vehicle or Lidocaine

CHAPTER NINE
RESULTS

Conditioning Day (PD 19) : Ventral Tegmental Area

On the conditioning day, distance traveled scores

were significantly elevated on time block 1 and then
declined across the remainder of the testing session (Time
main effect, F(3,113) = 4.31, P < .05). Preweanling rats

that were microinjected with lidocaine into the VTA had
significantly greater distance traveled scores than rats
given an infusion of vehicle (see Figure 2)(Pretreatment

main effect, F(l,44) = 8.48, P < .05). The

lidocaine-saline, lidocaine-cocaine and vehicle-cocaine
groups had significantly greater distance traveled scores

than the vehicle-saline group (Pretreatment drug x Drug
interaction, F(l,44) = 6.83, P < .05). Among the former
groups, the lidocaine-saline group exhibited more
locomotor activity than the lidocaine-cocaine and
vehicle-cocaine groups.

Test Day (PD 20): Ventral Tegmental Area

On the test day, both context-dependent (see Figure
3, filled squares) and context-independent (see Figure 3,

filled triangles) behavioral sensitization was observed.
Preweanling rats that received cocaine in the test chamber
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(i.e., the Cocaine-Activity group) or the home cage (i.e.,

the Cocaine-Home group) had significantly greater distance
traveled scores than rats receiving only saline (i.e., the

Acute-Control group, see Figure 3)

(Group main effect,

F(2,42) = 12.19, P < .001). The effects of the group
variable differed depending on time block, with the

Cocaine-Activity and Cocaine-Home groups having

significantly greater distance traveled scores on time
block 2 and time blocks 4-9 than the Acute-Control group

(Time x Group interaction, F(7,155) = 2.14, P < .05). The
pretreatment variable (i.e., lidocaine or vehicle) did not

affect distance traveled scores.
Conditioning Day (PD 19): Nucleus Accumbens

On the conditioning day, preweanling rats injected

with cocaine displayed significantly greater distance

traveled scores than rats that received saline (see Figure
4)

(Drug main effect, F(l,44) = 4.28, P < .05). On time

block 1, preweanling rats microinjected with lidocaine

into the nucleus accumbens exhibited significantly less

locomotor activity than rats receiving vehicle infusions
(Pretreatment drug x Time interaction, F(4,182) = 3.09,

P < .05) .
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Test Day (PD 20): Nucleus Accumbens
On the test day, context-dependent (see Figure 5,
filled squares) and context-independent (see Figure 5,
filled triangles) behavioral sensitization was observed.

Specifically, preweanling rats in the Cocaine-Activity and
Cocaine-Home groups had significantly greater distance

traveled scores than the Acute-Control group (Group main

effect, F(2,42) = 8.-29, P < .01). Further analysis showed

that the two cocaine groups exhibited more locomotor
activity than the Acute-Control group on time blocks 2-10

(Time x Group interaction, F(8,172) = 2.67, P < .05).
Distance traveled scores of the lidocaine- and
vehicle-treated rats did not differ.
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Conditioning Day

Figure 2. Mean Distance Traveled Scores (+ SEM) of
Preweanling Rats in the Vehicle-Saline, Vehicle-Cocaine,
Lidocaine-Saline and Lidocaine-Cocaine Groups on the
Conditioning Day. Rats were Microinjected with Vehicle or
Lidocaine into the VTA, while Saline or Cocaine was
Injected Intraperitoneally. Significantly different from
all other Groups when Collapsed across the Testing
Session. bSignificantly different from the Vehicle-Saline
Group when Collapsed across the Testing Session.
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Figure 3. Mean Distance Traveled Scores (± SEM) of
Preweanling Rats in the Cocaine-Activity, Cocaine-Home,
and Acute-Control Groups on the Test Day. Rats were
Microinjected with Vehicle or Lidocaine into the VTA,
while Saline or Cocaine were Injected Intraperitoneally.
Significantly different from the Acute-Control Group when
Collapsed across the Testing Session. Significantly
different from the Acute-Control Group on the Same Time
Block. cCocaine-Home Group Significantly different from
the Acute-Control Group on the same Time Block.
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Conditioning Day
Nucleus Accumbens

5-Min Time Blocks

Sal

Coc Sal Coc

Figure 4. Mean Distance Traveled Scores (+ SEM) of
Preweanling Rats in the Vehicle-Saline, Vehicle-Cocaine,
Lidocaine-Saline and Lidocaine-Cocaine Groups on the
Conditioning Day. Rats were Microinjected with Vehicle or
Lidocaine into the Nucleus Accumbens, while Saline or
Cocaine was Injected Intraperitoneally. Significantly
different from the Saline Group when Collapsed across the
Testing Session. Significantly different from the Vehicle
Group on the Same Time Block.
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Test Day
Nucleus Accumbens

10,000

100,000

Vehicle

8,000-

-80,000
a

T

6,000-

E
o

-60,000

4,000-

-40,000

2,000-

1-20,000
Lidocaine

CD
O
c
co

8,000-

h

6,000J

Cocai ne-Activity
Cocaine-Home
O Acute Control

-80,000

T

-60,000

4,000-

-40,000

2,000-

F20.000
Acute Coc

Coc

Cont Home Act
10-Min Time Blocks
Figure 5. Mean Distance Traveled Scores (+ SEM) of
Preweanling Rats in the Cocaine-Activity, Cocaine-Home,
and Acute-Control Groups on the Test Day. Rats were
Microinjected with Vehicle or Lidocaine into the Nucleus
Accumbens, while Saline or Cocaine was Inj ected
Intraperitoneally. aSignificantly different from the
Acute-Control Group when Collapsed across the Testing
Session. bSignificantly different from the Acute-Control
Group on the Same Time Block. cCocaine-Home Group
Significantly different from Acute-Control Group on the
Same Time Block.
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CHAPTER TEN

DISCUSSION

It was hypothesized that preweanling rats given a

temporary pseudo-lesion of the VTA before cocaine
pretreatment would not express behavioral sensitization on

the test day. Contrary to expectations, rats given
;intra-VTA infusions of lidocaine showed robust

cocaine-induced context-independent and context-dependent
behavioral sensitization. Specifically, the
cocaine-activity and cocaine-home groups exhibited more
I

lococmotor activity than the acute-control group on the

test day. It was also hypothesized that preweanling rats
given intra-accumbal infusions of lidocaine on the
pretreatment day would express cocaine-induced behavioral

sensitization. The later result
was obtained, suggesting
r*
that the nucleus accumbens is not involved in the
induction of one-trial behavioral sensitization.
Overall, our results were surprising because previous

research has shown that the VTA is involved in the
induction of amphetamine-induced behavioral sensitization

(Cornish & Kalivas, 2001), thus we should have observed an
increase in locomotor activity on the test day. The

inability of lidocaine to block the induction of
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cocaine-induced behavioral sensitization may indicate

that:

(a) the VTA does not mediate the induction of

behavioral sensitization during early ontogeny,

(b) the

VTA is necessary for amphetamine-, but not cocaine-induced

behavioral sensitization, or (c) there were methodological
problems that prevented the lidocaine from fully
inactivating the VTA during cocaine exposure.
It is well established that the VTA is a component of
the neural circuitry mediating behavioral sensitization in
the adult rat. For example, repeated administration of

amphetamine into the VTA causes the induction of
behavioral sensitization (Cornish & Kalivas, 2001). As
discussed previously, preweanling rats do not express

behavioral sensitization in the same manner as adults

(McDougall et al., 2009b). Therefore, it is possible that
the VTA is not fully functional at PD 20 and does not
mediate the induction of behavioral sensitization in the

same manner as in adulthood.

Consistent with this explanation, there is
substantial evidence that dopamine systems, which are

critical for behavioral sensitization, show significant
ontogenetic changes across the preweanling period, through

adolescence, and into adulthood (for reviews see,
Andersen, 2005; Spear, 1979). Indeed, Tirelli et al.
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(2003) have speculated that the maturity of dopamine

receptors could contribute to age-dependant differences in
behavioral sensitization. Before PD 21, D2 autoreceptors
are neurochemically, but not behaviorally functional

(Andersen et al., 1997; Hedner & Lundborg, 1985; DeVries,

Mulder, & Schoffelmeer, 1992). In one study, adult-typical
responses to dopamine agonists were not observed until at

least PD 21 (Lin & Walters, 1994) . Di and D2 receptors
also mature at different rates. While some researchers

report that D2 receptors reach adult-like densities early

in life, Dx receptors do not achieve adult levels until
well after the preweanling period (Rao, Molinoff, & Joyce,
1991) . Other studies have found that Dj. and D2 receptors

increase linearly through the preweanling period, are
over-produced in adolescence, and are then pruned back

until adult levels are reached (Andersen et al., 1997;
Tarazi & Baldessarini, 2000; Teicher et al., 1995).

Regardless of the correct ontogenetic pattern, all studies
agree that Di and D2 receptor densities change across the
preweanling period. In adult rats, Di and D2 receptors

function synergistically (for a review, see Clark & White,
1987), however it is not until weaning that these

receptors function in a fully cooperative manner (Moody &
Spear, 1992). Thus, the immaturity and lack of synergism
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affecting dopamine receptor functioning could impact
behavioral sensitization. As a consequence of this
immaturity, behavioral sensitization may rely on other

brain areas and other neurotransmitter systems during the
preweanling period.

In terms of the latter suggestion, the glutaminergic
neurotransmitter system is an excellent candidate. In
adult rats, the glutamate system plays an important role

in the induction of behavioral sensitization
(Vanderschuren & Kalivas, 2000). The prefrontal cortex has
significant glutaminergic projections to the VTA and

nucleus accumbens and lesioning these pathways blocks the
induction of behavioral sensitization in adult rats
(Karreman & Moghaddam, 1996; Li, Wolf, & White, 1999;

Louilot et al., 1989; Taber & Fibiger, 1995; Tzschentke &
Schmidt, 1998, 2000; Vezina et al., 1994) . Although

speculative, it is possible that the VTA does not modulate
behavioral sensitization in the preweanling rat due to an
immaturity of dopamine receptor systems. Instead,

glutamate and the prefrontal cortex could be critical for
the induction of cocaine-induced behavioral sensitization

during the preweanling period.
A second explanation for the inability of lidocaine
to block sensitized responding is that the VTA is
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necessary for amphetamine, but not cocaine sensitization

(for discussion, see Vanderschuren & Kalivas, 2000). As

evidence for this suggestion, intra-VTA injections of an
NMDA receptor antagonist prevents the induction of

behavioral sensitization (Kalivas & Alesdatter, 1993), but

repeated injections of NMDA into the VTA does not
cross-sensitize with cocaine (Schenk & Partridge, 1997).

Also, dopamine receptor antagonists block the
neurochemical, but not the behavioral components of
cocaine-induced behavioral sensitization (Steketee, 1998).
It would not be surprising if the VTA has different roles

in amphetamine and cocaine sensitization, because the
sensitized responding produced by these psychostimulants
varies in a number of ways. As examples, it has been

reported that Dx and D2 receptor antagonists block the

induction of amphetamine-, but not cocaine-induced

behavioral sensitization (Bjijou, Stinus, Le Moal, &
Cador, 1996; Cador, Bjijou, Cailhol, & Stinus, 1999;

Kuribara & Uchihashi, 1993; Mattingly, Hart, Lim, &
Perkins, 1994; Stewart & Vezina, 1989; Vezina, 1996) . In
addition, the prefrontal cortex is a critical component of

the neural circuitry underlying cocaine sensitization, but

not amphetamine sensitization (Li & Wolf, 1997; Sorg,
Davidson, & Kalivas, 1997). If the induction of cocaine
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sensitization is not mediated by the VTA, it would be

expected that lidocaine would leave the cocaine-induced

sensitized responding of preweanling rats unaffected.
Lastly, it is possible that preweanling rats were
able to exhibit context-independent behavioral

sensitization because either (a) the VTA was incompletely

inhibited by lidocaine or (b) the effects of the
anesthetic dissipated while cocaine was still in the

system. The former explanation is unlikely, because

lidocaine did impact the behavior of preweanling rats (see
Figure 2, filled circles). Preweanling rats that received
only a lidocaine injection (i.e., no cocaine) had

significantly more locomotor activity than all other
groups. Therefore, it appears that lidocaine was

inactivating the target brain region as well as other
structures (see page 72, for additional discussion of this

issue).

The second suggestion remains viable, however, since
the anesthetic properties of lidocaine may have dissipated

while cocaine was still able to sensitize neural
circuitry. <In adult rats, cocaine has a very short
half-life (Benuck, Lajtha, & Reith, 1987; Lau, Imam, Ma, &

Falk, 1991), so it would be expected that cocaine should
be at low levels as lidocaine's effectiveness declines.
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That being said, there is evidence that the

pharmacokinetic properties of psychostimulants vary
substantially across ontogeny (half-life may increase
three-fold in young rats; Lal & Feldmuller, 1975), thus it

is possible that high levels of cocaine were still in the

brain as lidocaine was itself metabolized. Although

lidocaine has been used in the past to inactivate various
brain regions in adult rats (Black et al., 2004;

Calandreau et al., 2005; Chang et al., 2008; Chang & Gold,

2003; Han et al., 1997; Kantak et al., 2002a, 2002b; Sun &
Rebec, 2003) it has not been used to block
psychostimulant-induced behavioral sensitization. In
preweanling rats, the induction of behavioral

sensitization occurs regardless of when cocaine is
administered on the conditioning day (Herbert et al.,

2010; McDougall et al., 2009b, 2011). For lidocaine to be

effective in the present study, it must inactivate the
target brain area for as long as cocaine is efficacious.

Therefore, the real possibility exists that lidocaine's
anesthetic actions did not persist long enough to fully

attenuate cocaine-induced stimulation of the VTA.

Although intra-VTA infusions of lidocaine did not
block context-independent behavioral sensitization, they

did affect behavior. Specifically intra-VTA injections of
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lidocaine increased the locomotor activity of preweanling
rats. This result was unexpected because the VTA is a

motor nucleus (i.e., lidocaine should have depressed

locomotion), and probably indicates that lidocaine
diffused out to surrounding structures. The VTA is

immediately adjacent to the substantia nigra pars
reticulata and inhibition of this nucleus would be
expected to enhance the locomotor activity of preweanling

and adult rats (Collins, Zavala, Nazarian, & McDougall,
2000; Zavala, Yoshida, Osburn, & McDougall, 2002).
In adult rats, the nucleus accumbens is involved in

the expression of long-term behavioral sensitization, but

not short-term sensitization (Wolf, 1998). More
specifically, a psychostimulant regimen sufficient to
produce behavioral sensitization does not increase

dopamine levels in the nucleus accumbens after a short
abstinence period (Kalivas & Duffy, 1990, 1993; Paulson &
Robinson, 1995; Pierce & Kalivas, 1997; Wolf et al.,
1994), but elevated dopamine levels are observed after 14
days (Heidbreder et al., 1996; Hooks et al., 1993; Hurd et

al., 1989; Leith & Kuczenski, 1982; Paulson & Robinson,

1995; Pierce & Kalivas, 1996, 1997; Robinson et al., 1982;

Wolf et al., 1993). Based on these studies, we
hypothesized that intra-accumbal lidocaine injections
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would not block cocaine-induced behavioral sensitization
of preweanling rats after a short abstinence period.
Consistent with this hypothesis, preweanling rats given
lidocaine infusions into the nucleus accumbens exhibited

robust locomotor sensitization after a cocaine challenge.

Lidocaine did not affect locomotor activity on the
pretreatment day. This pattern of results is consistent

with the proposition that the nucleus accumbens is not

involved in the induction of one-trial behavioral
sensitization in the preweanling rat. These nucleus
accumbens results should be viewed with caution, however,

since lidocaine was also without effect when it was

microinjected into the VTA. The latter result brings into
question the efficacy of the lidocaine procedure for
examining psychostimulant-induced behavioral

sensitization.

In the present study, preweanling rats expressed both

context-independent and context-dependent behavioral
sensitization using a one-trial procedure (Herbert et al.,

2010; McDougall et al., 2007, 2009a, 2009b). In stark

contrast, adult rats are incapable of expressing one-trial
context-independent behavioral sensitization (Battisti et
al., 1999a, 1999b, 2000; McDougall et al., 2007, 2009b;

Post et al., 1987; Weiss et al., 1989). When considered
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together, these results suggest that associative processes

are necessary for behavioral sensitization in adult rats,

while associative learning is irrelevant for behavioral
sensitization during the preweanling period. Consistent
with this conclusion, Herbert et al.

(2010) found that

preweanling rats anesthetized with isoflurine during
cocaine pretreatment still expressed behavioral

sensitization on the test day. Moreover, preweanling rats

exhibit a robust sensitized response if electroconvulsive
shock (ECS), which should disrupt memory formation, is

administered between cocaine pretreatment and testing

(McDougall et al., 2011). Together, these results show
that associative conditioning does not modulate behavioral
sensitization during the preweanling period.

The use of illicit drugs in our society is a

continuing problem. The powerful effects that these drugs
have on brain chemistry, psychological feelings, and
physiological states creates addictive behaviors which are

difficult to eradicate (Liang & Ren, 2001; Yan et al.,

2001). The feelings of being "high" are paired with
neuroadaptive changes in the brain which leave the brain

in a hypersensitive or sensitized state to the drug
(Robinson & Berridge, 2001). Environmental influences
present during drug use become cues to the physiological
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effects of the drug and cause intense cravings when the
drug user returns to that location (Robinson & Berridge,

1993, 2001; Taylor et al., 2009). These cravings are an

issue for recovering drug users because they can cause
relapse. Studying context-independent and

context-dependent behavioral sensitization will eventually
allow us to determine those brain regions that mediate

drug-environment associations in humans. With this

knowledge, addiction and recovery researchers will be able

to find more effective ways to treat drug abuse.
In conclusion, the results of the present study
suggest that the induction and expression of behavioral

sensitization does not rely on a single pathway (i.e., the
mesolimbic pathway) or a single neurotransmitter system
(i.e., dopamine), instead multiple brain areas and

neurotransmitters appear to mediate this complex behavior
(Vanderschuren & Kalivas, 2000). Because various brain
structures are involved, it is possible that the neural
systems mediating behavioral sensitization could

compensate if a particular structure was temporarily
inactivated (e.g., after lidocaine treatment). This type

of redundancy might be especially prominent during early
development when the brain is extremely plastic. Further
studies examining the maturity of the brain structures
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involved, the unique actions of different

psychostimulants, and the use of various experimental
paradigms (e.g., microinjection techniques, Fos

immunoreactivity, etc.) would be beneficial for
understanding the complexities of behavioral

sensitization.
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